The measurement of internal deformation of asphalt pavement is essential for transportation network maintenance, from which the early stage fatigue of asphalt pavement can be detected and then retrofitted. However, existing transducers could only measure either point strains inside the asphalt pavement or the deformation at the surface. To fill this gap, a fiber Bragg grating sensing beam is developed, which can measure the internal deformation of the asphalt pavement under traffic loads. The design principles and working mechanism of the fiber Bragg grating sensing beam are presented in detail. A prototype of the fiber Bragg grating sensing beam was fabricated in the laboratory, and its measurement resolution and maximum deflection, as determined through a calibration test, are 0.29 mm/me and 87.1 mm, respectively. A physical model test established in the laboratory indicated that the fiber Bragg grating sensing beam has a good performance and thus can be used to measure internal deformation of the asphalt pavement.
Introduction
With the rapidly increasing of road traffic volumes, pavement deterioration is a major concern for engineers. The deterioration is usually developed due to the fatigue in the pavement. Thus, detection of early fatigue in the pavement will extend service life and has economic benefit in the transportation network maintenance (American Association of State Highway and Transportation Officials, 1993) . Instrumentation has been proved to be an efficient and effective way to detect early fatigue and damage problems in the road pavement structures (Hu et al., 2010) .
Various sensors or systems have been developed to detect pavement deteriorations in the past years (Alavi et al., 2016; Tan et al., 2013; Timm et al., 2004) . For example, Zhou et al. (2012a) developed a non-contact camera-based measurement system for failure prediction of the pavement. Zhou et al. (2012b) developed a three-dimensional (3D) strain monitoring sensor which can be installed in the asphalt pavement. Song et al. (2005) used X-ray computed tomography to measure the damage in the asphalt material. Liu et al. (2011) developed a long-period fiber grating sensor for asphalt pavement pressure measurement. Zhang et al. (2008) developed a weigh-in-motion system by measuring the pavement strain with embedded strain sensors. However, most of these sensors can only measure either point strain in the asphalt pavement or the deformation at the surface. It is lack of sensor which can measure internal deformation generated in the pavement. With the recent development of the fiber optic sensing technology, it can provide an alternative method for instrumentation in the pavement structures.
The fiber Bragg grating (FBG) sensing technology was developed by Hill et al. (1978) and then further improved into practical devices by Meltz et al. (1989) . The FBG sensor has inherent merits as compared with traditional electrical sensors, such as light weight and resistance to electromagnetic interference and corrosion (Measures, 2001) . A great progress has been made in the engineering applications with FBG sensors (Kersey et al., 1997; Xu et al., 2013 Xu et al., , 2014 . For 1 example, a significant achievement in Europe was through the first major program named the BRITE-EURAM II project in order to demonstrate optical fiber sensors used for strain and temperature sensing in real structures. In addition, both the strain and temperature can also be measured simultaneously (Lamberti et al., 2015; Todd et al., 2001) .
The purpose of this study is to develop an FBG-based sensing beam which can measure internal deformation of the asphalt pavement. The design considerations, working principles, calibration details, and application in a physical model are presented in this article.
Design of FBG sensing beam

FBG working principle
An FBG is an optical fiber where a Bragg grating is written in the core of the fiber by ultraviolet (UV) light, as shown in Figure 1 . In the grating region, a periodic variation is created in the refractive index of the fiber core. The FBG can therefore act as a wavelengthspecific reflector that reflects particular wavelength of light and transmits all others. The Bragg wavelength l B is given by (Meltz et al., 1989) 
where n eff is the core index of refraction and L is the grating period of index modulation. As both n eff and L are strain-and temperature-dependent, a shift in the wavelength will be detected if the strain and temperature vary. Meltz et al. (1989) proposed a relationship for determining the wavelength shift (Dl B ) as follows
where p e is the elastic optical coefficient, a and j are the coefficients of temperature effect, De is the change in strain, and DT is the change in temperature. It can be found that the wavelength shift has a linear relationship with the variations of the strain and temperature.
Design of the FBG sensing beam
Theory of the sensing beam. As asphalt pavement is usually subjected to high variations of pressure and temperature, the FBG sensing beam should be designed to have a structure enabling its survival in such a harsh environment. Figure 2 shows the internal structure of the FBG sensing beam, and its associated with data acquisition system. The sensing beam is a four-layer assembly, including a stainless steel, FBG sensors on both surfaces of the steel, epoxy resin, and high temperature resistance resin from bottom to top. Beside these four layers, a waterproof tape is used to surround the assembly in order to avoid the influence of water. On each side of the stainless steel, five FBG sensors with different wavelengths were employed in a single optical fiber. Two ferrule connector/ angled physical contact (FC/APC) connectors were used at the end of the optical fiber, and one is connected to an optical interrogator that is able to identify wavelength shifts and the other is a backup. The wavelength shifts are finally stored in a personal computer for later analysis. It is assumed that the sensing beam behaves as an Euler-Bernoulli beam with simple supports at two ends. According to the Euler-Bernoulli beam theory, the bending strain in an infinitesimal segment dx of the beam is given as follows
where e(x) is the bending strain at the position x of the beam, ∂d(x) is the axial displacement at the surface of the beam, t is the thickness, and u(x) is the rotation at the position x of the beam. The relationship between the deflection of the beam y(x) and the rotation u(x) is given as follows 
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Combining equations (3) and (4), the following equation can be obtained
The deflection y(x) of the sensing beam can be integrated from equation (5), which is
where A is a constant that is determined by boundary conditions. The procedures for determining the deflection of the beam are summarized as follows: (1) the strains at the positions where the five FBG sensors were employed are measured, (2) the strain of the beam e(x) is obtained by a polynomial curve fitting, and (3) the deflection of the beam is finally obtained by equation (6).
Temperature compensation. The temperature compensation was carried out by installing FBG sensors on two sides of the sensing beam, as illustrated in Figure 3 . Sensors C1 and C2 are taken as an example; when the sensing beam is under bending, the strain induced by axial force and temperature is the same for these two sensors, while the bending strains of sensors are contrary to each other. Therefore, the bending strain e B at point C can be obtained by the following expression
where e ia and e ib are measured strains of FBG sensors on two sides of the ith segment of FBG sensing beam.
Dimensional Design. The dimension of the FBG sensing beam should not significantly alter the internal deformation of the asphalt pavement. To satisfy this requirement, a two-dimensional finite element (FE) model was established using a commercial FE software ANSYS for an FBG sensing beam embedded in a typical flexible road, as shown in Figure 4 . The length of the beam is set to be 0.8 m due to the limit of the following laboratory test. The width of the beam should be shorter than one-tenth of the length of the beam such that the beam can be reasonably represented by the Euler-Bernoulli beam theory. In this study, the width of the beam is chosen to be 0.02 m. The thickness of the beam will be determined in this FE analysis. The road is composed of hot mix asphalt (HMA) layer, a granular subbase, and a subgrade made of completely decomposed granitic (CDG) soils.
In ANSYS, the beam and the road are meshed by Plate 182 and Beam 3 elements, respectively, and their element size is 0.025 m. The material properties of the road and beam are listed in Table 1 . The beam couples with the road by constraint equations in a way that both the beam and road can deform together. The lateral and bottom boundaries are set to be rigid. A force F = 1000 N is vertically imposed on the surface of the HMA layer. Figure 5 shows the FE results in terms of the deflection of the asphalt pavement at positions where the beam is placed. The results are shown for three thicknesses t = 3, 6, and 9 mm, compared with those without the beam (t = 0 mm). It can be found that the deflection decreases as the thickness of the beam increases, implying that a thicker beam causes larger influences on the deflection. Consequently, the thickness of the beam in this study is chosen to be 3 mm as its influences on the deflection are less than 3%.
Upon the determination of the FBG sensing beam's dimension, the resolution and the range of the beam are checked. Assume a concentrated load F imposed on the center of the beam. The deflection of the beam is then given by
where l is the length of the FBG sensing beam. The corresponding bending strain is given by
As the maximum deflection y max occurs at the center of the beam, its value is determined by substituting x = l/2 into equation (8)
For the bending strain, the maximum value appears at the position of the first FBG sensor. In this study, the first FBG sensor is placed at x = 0.1 m. Thus, the maximum bending strain e max is determined by substituting x = 0.1 m into equation (9) e max = F(l À 0:1) 2 t
4EI ð11Þ
Combining equations (10) and (11) yields the relationship between the maximum deflection and the maximum bending strain as follows
In this study, the resolution and maximum range of the FBG sensor for the strain measurement are 1 and 3000 me, respectively. Consequently, the resolution and maximum range of the sensing beam can be calculated by equation (12) and are 0.29 mm/me and 87.1 mm, respectively. Figure 6 shows a prototype of the FBG sensing beam fabricated in the laboratory. The fabrication of this prototype includes the following five steps: (1) clean the surface of the stainless steel, (2) prepare 10 FBG 
FBG sensing beam fabrication and calibration
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sensors with wavelengths listed in Table 2 and connect 5 of them in one optical fiber by the fiber fusion splicer (FSM-60S) and the other 5 in another optical fiber, (3) adhere one optical fiber on one surface of the stainless steel (Surface A) with epoxy resin and the other optical fiber on the opposite side of the stainless steel (Surface B), (4) apply a high-temperature-resistant epoxy resin after the epoxy resin is dried, and (5) protect the fibers at the end of the sensing beam. The prototype sensing beam was calibrated by applying step loads on the surface of the sensing beam, as shown in Figure 7 . The beam was simply supported during the test. The signal of the sensing beam was processed by a Micron Optics SM130 interrogator and then stored in a laptop. Meanwhile, three linear variable differential transformers (LVDTs) were also employed to directly measure the deflection of the beam. Figure 8 shows bending strain of the FBG sensors in the sensing beam when the step loads are applied from 0 to 4.0 N with an increment of 0.5 N. It can be found that the strains are very stable under each loading stage, and increase as the loads increase. The corresponding deflection of the beam is calculated by equation (6) and compared with the LVDT results. As shown in Figure 9 , the two results agree very well except a minor discrepancy appearing near the two ends of the beam. The discrepancy is due to the error of the curve fitting as only five pairs of FBG sensors have been used. It can be expected that the accuracy will be improved if more FBG sensors are employed.
Physical model test
The model A physical model was established to investigate the performance of the FBG sensing beam, as shown in Figure 10 . The model was 1.0 m long, 0.8 m high, and 0.6 m wide and was fabricated in a steel box strengthened by 8-mm-thick steel frames. Lubricating oil was used on the internal surface of the model in order to reduce the friction between the soil and the internal surface of the steel box.
A flexible pavement was fabricated in the laboratory, which consisted of three layers including subgrade, subbase, and HMA. The subgrade was made of a typical CDG soil which is commonly used as subgrade in Hong Kong. The soil was mixed with the water and sealed in a closed container for more than 24 h to achieve uniform moisture content. A rammer with a weight of 12 kg was used for compaction. The subbase layer was made of granular aggregates with nominal maximum aggregate size of 10, 20, and 40 mm. The HMA sample was obtained from a construction site in Hong Kong, which was the same material normally used in the Highway Department of Hong Kong, and was re-heated to the temperature of 140°C in the oven and then smoothly placed in the physical model and carefully compacted to the desired density. The calibrated FBG sensing beam was installed in the HMA layer, as shown in Figure 11(a) . After the construction of the flexible pavement and the installation of the sensing beam, a loading system was designed, including a reaction frame, a hydraulic jack, and a load cell (Figure 11(b) ). The applied load was passed from a hydraulic jack to a circular steel plate with a diameter of 200 mm and measured by the load cell. The hydraulic jack has a capacity of 200 kN and accuracy of 0.1 kN. A segment of the tire was placed between the steel plate and HMA surface in order to model a more realistic situation of truck pressure on the road. Three LVDTs were used to measure the deflection of asphalt pavement at the surface. During the test, the LVDT results and applied force were simultaneously recorded by a Kyowa data logger, and the strains of the sensing beam were recorded by the SM130 interrogator.
Results and discussions
The results of the three LVDTs and FBG sensing beam are the asphalt pavement deflections at the surface and inside the pavement, respectively. Consequently, the two results cannot be directly compared. To obtain the internal deformation of the pavement, a 3D FE analysis is conducted for the physical model. Due to the symmetry of the model, a quarter of the model was considered and meshed by brick and wedge elements (Figure 12 ), resulting in 12,453 nodes and 11,100 elements. As the step loads were applied until the readings of the LVDTs were stable during the test, plastic deformations of the asphalt pavement were expected to appear, requiring the nonlinear material models for the numerical simulation. In this study, the HMA, subbase, and subgrade are all characterized by the MohrCoulomb material model with a non-associated flow rule for shear failure and an associated rule for tension failure. Young's modulus, Poisson's ratio, and density have been given in Table 1 , and the friction and dilation angles and cohesion are listed in Table 3 . Figure 13 compares the LVDT and FE results in terms of the deflection of the asphalt pavement at its surface. The LVDT away from the center of the load 
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Advances in Structural Engineering 23 (1) has almost zero deflection no matter which load is applied, while it is not the case for the LVDT near the load center. This phenomenon confirms the nonlinear behavior of the asphalt pavement under a long period of step loads and can be well predicted by the FE model although the discrepancy tends to increase with an increase in the loads. A possible cause for the discrepancy could be the lack of appropriate compaction of HMA in the laboratory. The internal deformation comparison between the FBG sensing beam and the FE model is shown in Figure 14 . For the FE results, a notable internal deformation is only observed near the load center because of the plastic deformation in the Mohr-Coulomb material model. For the sensing beam results, the internal deformation is continuously smooth along the direction of the sensing beam due to the assumption of the sensing beam as a simply supported Euler-Bernoulli beam. However, the maximum deformation near the load center is reasonably measured by the sensing beam, especially under the first few low step loads. As the step loads continue to increase, the FE model is less reliable and may overestimate the internal deformation.
As a summary, the FBG sensing beam offers an effective approach to measure internal deformation of the asphalt pavement. To further improve the performance of the sensing beam, more sensors can be employed on the sensing beam and its working theory should be updated to be an Euler-Bernoulli beam resting on a Winkler foundation (Luo et al., 2016) .
Conclusion
This article developed an FBG sensing beam for the measurement of internal deformation of the asphalt pavement. The design of the FBG sensing beam was described. A prototype of the sensing beam was fabricated and calibrated, which had the resolution of 0.29 mm/me and the maximum range of 87.1 mm. A physical model test was carried out to investigate the performance of the FBG sensing beam. Results confirmed that the prototype was able to reasonably measure the internal deformation of the asphalt pavement near the load center. 
